Abstract-An enantiospecific approach to a functionalised carbon framework of the sesquiterpenes, cyperanes, starting from the monoterpene (R)-carvone has been accomplished. A combination of a Claisen rearrangement, intramolecular diazo ketone cyclopropanation and regiospecific cyclopropane ring cleavage has been exploited for the stereo and regiospecific generation of the vicinal stereogenic quaternary carbon atoms.
Introduction
The dried tuberous roots or rhizome of Cyperus rotundus LINNE INNE, an officially listed traditional medicine in Chinese pharmacopoeia, are used in the treatment of illnesses connected with child birth or menstrual disorder. In Vietnam and Japan, it is often used for treating stomach ache, irregular menstruation, dysentery, nausea and gynecological diseases. In Malaysia, it is used to cure pain in the nose by inhaling smoke from the burning drug, while in Indonesia, it is used as a stimulant and stomachic. In India, it is used as diuretic and for irregular menstruation, fever, disorder in digestive tract and various haematological diseases. The essential oil, as well as the solvent extracts of the rhizomes of C. rotundus LINNE INNE have been subjected to numerous studies resulting in the isolation of many terpenoids. 1 Hikino et al. 2 have reported the isolation of sesquiterpene cyperolone 1, containing the 1-ethyl-3-isopropyl-6-methylbi-cyclo[4.3.0]nonane 2 (cyperane) carbon framework, from the tuber of nutgrass C. rotundus LINNE INNE of Japanese origin. Dev et al. 4 have reported the isolation of cyperolone 1 from the same oil of Indian origin. Results obtained from chemical studies on cyperus plants showed that cyperolone 1 and other chemical constituents of C. rotundus LINNE INNE are responsible for plant growth inhibitory activities, antimicrobial activities and insect repellent activities. 5 Subsequently, the isolation of sesquiterpenes 3-8, which have the cyperane carbon framework, were reported (Chart 1). 3 reported the first synthesis of cyperolone 1 by employing a pinacol-pinacolone rearrangement as the key step. Subsequently, research groups of Dev 7 and Hikino 8 reported the rearrangement of epoxy-eudesmanes to generate cyperane and epicyperanes. Ceccherelli et al. 9 reported the synthesis of an analogue of cyperanic acid. Herein, we report an enantioselective approach to the functionalised carbon framework of cyperanes starting from the readily and abundantly available monoterpene (R)-carvone 9, employing a combination of Claisen rearrangementintramolecular diazo ketone cyclopropanation-regioselective cyclopropane ring cleavage for the construction of the vicinal stereogenic quaternary carbon atoms.
Results and discussion
Initially the synthesis of a 3-epi-cyperane was investigated. It was anticipated that intramolecular cyclopropanation of diazo ketone 10 derived from acid 11 would generate tricyclic ketone 12, which could be transformed into 3-epi-cyperane 13 via reductive cyclopropane ring cleavage (Scheme 1). Acid 11, being a c,d-unsaturated carbonyl system, could be obtained via a stereoselective Claisen rearrangement of allyl alcohol 14, which could be obtained from carvone 9 via 3-ethylcarvone 15.
The sequence was started with the conversion of (R)-carvone 9 into (S)-3-ethylcarvone 15, employing a 1,3-alkylative enone transposition strategy (Scheme 2).
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Thus, a sonochemically accelerated Barbier reaction of carvone 9 with ethyl bromide and lithium in THF furnished the tertiary alcohol 16, which on oxidation with PCC and silica gel, generated (S)-3-ethylcarvone 15 in 70% yield. Reduction of 3-ethylcarvone 15 with LAH in ether at À70°C gave allyl alcohol 14 in a highly regioand stereoselective manner. 11 The orthoester Claisen rearrangement 12 of the allyl alcohol 14 with triethyl orthoacetate and a catalytic amount of propionic acid in a sealed tube at 180°C generated ester 17, which on hydrolysis with sodium hydroxide in refluxing aqueous methanol furnished acid 11. Reaction of acid 11 with oxalyl chloride, followed by treatment of the resultant acid chloride with an excess of ethereal diazomethane generated diazo ketone 10. copper sulfate catalysed decomposition of diazo ketone 10 in refluxing cyclohexane, irradiated by a tungsten lamp, led to the intramolecular insertion of the intermediate keto-carbenoid into the olefin ring in a regioand stereoselective manner, 13 resulting in the formation of tricyclic ketone 12, whose structure was established from its spectral data. It was readily identified that regioselective cleavage of the C 2 -C 9 cyclopropane bond in 12 transforms it into an epi-cyperane. Accordingly, treatment of tricyclic ketone 12 with lithium in liquid ammonia furnished bicylic ketone 17 13 via regiospecific cyclopropane ring cleavage. 14 Next, attention was turned towards the synthesis of an epi-cyperane having functionality at C-15 position. Phenyl group was considered as a masked carboxylic acid group. It was envisaged that substitution of a benzyl group in the place of the ethyl group would be a suitable choice, and the sequence was carried out via 3-benzylcarvone 18 (Scheme 3). Thus, sonochemically accelerated Barbier reaction of carvone 9 with benzyl bromide and lithium in THF at 0°C, followed by oxidation of the resultant tertiary alcohol 19 with a mixture of PCC and silica gel in methylene chloride at room temperature furnished enone 18 in 63% yield. Regio-and stereoselective reduction of enone 18 with LAH in ether at low temperature (À70°C) furnished allyl alcohol 20. The orthoester Claisen rearrangement of allyl alcohol 20 with triethyl orthoacetate and a catalytic amount of propionic acid in a sealed tube at 180°C, generated ester 21 in a stereoselective manner, which on hydrolysis with sodium hydroxide in refluxing aqueous methanol, furnished acid 22. Acid 22 was converted into the diazo ketone 23 via the corresponding acid chloride. Copper and anhydrous copper sulfate catalysed decomposition of the diazo ketone 23 in refluxing cyclohexane, irradiated by a tungsten lamp, led to the intramolecular insertion of the intermediate keto-carbenoid into the ring olefin, resulting in the formation of the tricyclic ketone 24. Regioselective cyclopropane ring cleavage of tricyclic ketone 24 using lithium in liquid ammonia furnished bicyclic ketone 25. Attention was then turned towards the oxidative degradation 15 of the phenyl group. Hydrogenation of the isopropenyl moiety in 25 using 10% palladium on carbon as the catalyst under 1 atm of hydrogen in ethanol furnished the bicyclic ketone 26. Reaction of the bicyclic ketone 26 with a catalytic amount of ruthenium chloride and sodium periodate in a 1:1:1 mixture of acetonitrile, water and carbon tetrachloride furnished the keto acid 27, which on esterification with an excess of diazomethane in ether, generated the keto ester 28.
18
After successfully accomplishing the synthesis of 13 and 28, attention was focussed on the synthesis of a cyperane. For the synthesis of a cyperane, it was obvious that the isopropyl group needed to be syn to the ring junction substituents. Since the stereochemistry of the ring junction positions were derived from the stereochemistry of the hydroxy group in the allyl alcohol 20, inversion of the stereochemistry of the hydroxy group in allyl alcohol 20 would change the stereochemistry of the ring junction substituents syn to the isopropenyl group; hence a Mitsunobu reaction 16 was chosen (Scheme 4). Consequently, the reaction of allyl alcohol 20 with triphenylphosphine and diethyl azo-dicarboxylate (DEAD) in the presence of benzoic acid in THF, generated benzoate 29 in 63% yield. Hydrolysis of the benzoate group in 29 using potassium carbonate in methanol, furnished the anti-alcohol 30. The structure of alcohol 30 was deduced from its spectral data in comparison with that of the syn-alcohol 20. The orthoester Claisen rearrangement of the allyl alcohol 30 with triethyl orthoacetate and a catalytic amount of propionic acid in a sealed tube at 180°C, followed by hydrolysis of the resultant ester 31 with sodium hydroxide in refluxing aqueous methanol, furnished acid 32. Acid 32 was then transformed into diazo ketone 33, which on treatment with copper and anhydrous copper sulfate in refluxing cyclohexane, irradiated by a tungsten lamp, led to the formation of tricyclic ketone 34. Regioselective cyclopropane ring cleavage of tricyclic ketone 34 using lithium under liquid ammonia conditions furnished bicyclic ketone 35, which on hydrogenation using 10% palladium on carbon as the catalyst in ethanol at 1 atm of hydrogen furnished bicyclic ketone 36. Oxidative degradation of the phenyl group in the bicyclic ketone 36 with a catalytic amount of ruthenium chloride and sodium periodate in a 1:1:1 mixture of acetonitrile, water and carbon tetrachloride followed by esterification with diazomethane in ether furnished ester 37. 
Conclusion
In conclusion, we have developed a convenient short enantioselective approach for the construction of the complete carbon framework of cyperane sesquiterpenes. A sequence comprising of a Claisen rearrangement, intramolecular diazo ketone cyclopropanation and regioselective cyclopropane ring cleavage reaction has been exploited for the construction of the two vicinal stereogenic quaternary carbon atoms. The strategy herein is general and suitable for the synthesis of several analogues of cyperanes to assess their biological potential, which is currently under investigation. 
